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surface of a substrate of the semiconductor device; forming
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taxial region; depositing a film comprising material of a sec-
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602 FORMING AN EPITAXIAL REGION ON AN
UPPER SURFACE OF A SUBSTRATE
804 FORMING RECESSED FEATURES AT LEAST
PARTIALLY THROUGH THE EPITAXIAL REGION

DEPOSITING AFILM ON AT LEAST

606 SIDEWALLS OF THE RECESSED FEATURES
USING ATOMIC LAYER DEPQOSITION

PERFORMING THERMAL PROCESSING SUCH THAT
608 AT LEAST APORTION OF DOPANT IN THE FILM
DEPOSITED ON EACH OF THE SIDEWALLS OF THE
RECESSED FEATURES FORMS A CHARGE BALANCE
REGION IN THE EPITAXIAL LAYER

PERFORMING THERMAL PROCESSING IN A MANNER
THAT AT LEAST APORTION OF FREE CHARGE CARRIERS
IN THE EPITAXIAL REGION MIGRATE TOWARDS THE
DEPOSITED FILM TO FORM A CHARGE BALANCE REGION
IN THE EPITAXIAL LAYER
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SIMPLIFIED CHARGE BALANCE IN A
SEMICONDUCTOR DEVICE

TECHNICAL FIELD

The present mvention relates generally to electrical and

clectronic circuitry, and more particularly relates to semicon-
ductor devices and the fabrication thereof.

BACKGROUND

Semiconductor devices, including, but not limited to,
metal-oxide-semiconductor field-effect transistors (MOS-
FETSs), mmsulated gate bipolar transistors (IGBTs), and diodes,
are well known 1n the art, as are the various applications 1n
which such devices can be employed. Exemplary applica-
tions 1n which semiconductor devices are used include com-

munications systems (e.g., radio frequency (RF) and micro-
wave), automotive electronics, power supplies, high-voltage
motors, etc. As a simplistic view, semiconductor devices
include a body region, typically formed of a single conduc-
tivity type, and means for forming a depletion region (also
referred to as a depletion layer) throughout at least a portion
of the body. The depletion layer may be formed by applying
a positive voltage, V.5, between a gate, or other control
terminal, and the body of the device. This gate-body voltage
forces positively charged holes away from an interface
between the semiconductor and a gate-insulator, thus leaving
exposed a carrier-iree region of immobile, negatively charged
acceptor 1ons. If the applied gate-body voltage 1s high
enough, a high concentration of negative charge carriers
forms 1n an mversion layer located in a shallow layer proxi-
mate the gate-insulator/semiconductor interface for conduct-
ing a current through the device.

At least a portion of the body region (e.g., a drain region)
may be operated as a drift region for transferring charge
carriers due, at least 1n part, to the effect of an electric field 1n
the semiconductor device when the device 1s operated 1n the
ON mode. When the device 1s 1n the OFF mode, on the other
hand, this drift region effectively becomes a depletion region
to reduce an electric field strength applied thereon, resulting
in an increase in breakdown voltage 1n the device. The dnit
region 1s designed to support a high blocking voltage.

Two 1mportant electrical parameters which are often used
to characterize the performance of a semiconductor device,
particularly power semiconductor devices, are breakdown
voltage and on-state resistance, also referred to as on-resis-
tance. Breakdown voltage, V.., 1s a parameter of a P-N
junction (e.g., 1n a diode, transistor, etc.) that oiten defines the
largest reverse voltage that can be applied without causing an
exponential increase 1n current flowing through the junction,
ultimately damaging the device. On-state resistance, R 5, ,
of a field-effect transistor (FET) device generally refers to the
internal resistance of the device when the device 1s 1n 1ts fully
conducting (1.e., “on”’) state.

For certain applications, such as, but not limited to, power
applications, 1t 1s generally desirable for a transistor device to
have as high a breakdown voltage and as low an on-state
resistance as possible. However, breakdown voltage and on-
state resistance are mutually exclusive properties of a con-
ventional semiconductor device, since increasing the break-
down voltage rating, for example by incorporating a thicker
and lower doped drift region, undesirably leads to higher
on-state resistance. Conversely, increasing the doping density
in the drift region to thereby reduce the on-state resistance
undesirably leads to lower breakdown voltage 1n the device.
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A common method that 1s well documented 1n the literature
for increasing breakdown voltage in a device without signifi-
cantly increasing on-resistance mvolves designing the drift
region of the semiconductor device to include a charge bal-
ance region, also commonly referred to as a super junction
structure or a charge balanced structure. The driit region 1n a
charge balanced semiconductor device 1s enhanced by
extending the depletion region into two dimensions. Conven-
tional methods for fabricating a charge balance structure,
however, have substantial disadvantages associated there-
with.

SUMMARY OF THE INVENTION

In accordance with an embodiment of the invention, a
method of forming a charge balance region 1n a semiconduc-
tor device includes: forming an epitaxial region including
material of a first conductivity type on an upper surface of a
substrate of the semiconductor device; forming recessed fea-
tures at least partially through the epitaxial region; depositing
a film 1including material of a second conductivity type on at
least sidewalls of the recessed features using atomic layer
deposition; and performing thermal processing such that at
least a portion of the film deposited on each of the sidewalls of
the recessed features forms a region of the second conductiv-
ity type 1n the epitaxial layer which follows a contour of the
recessed features.

In accordance with another embodiment of the invention, a
method of forming a charge balance region 1n a semiconduc-
tor device includes: forming an epitaxial region ncluding
material of a first conductivity type on an upper surface of a
substrate of the semiconductor device; forming recessed fea-
tures at least partially through the epitaxial region; depositing
a film 1including material of a second conductivity type on at
least sidewalls of the recessed features using atomic layer
deposition, the material of the second conductivity type hav-
ing a net static charge of a second charge type associated
therewith; and performing thermal processing in such a man-
ner that at least a portion of free charge carriers 1n the epitaxial
region migrate towards the deposited film to thereby form the
charge balance region in the epitaxial layer proximate the
recessed features, the charge balance region following a con-
tour of the recessed features.

In accordance with yet another embodiment of the mven-
tion, a semiconductor device includes a substrate, an epitaxial
region of a first conductivity type formed on a surface of the
substrate, and a plurality of recessed features formed at least
partially through the epitaxial region. At least sidewalls of the
recessed features have deposited thereon, using atomic layer
deposition, a film comprising material of a second conduc-
tivity type. The semiconductor device further includes a
charge balance region formed 1n the epitaxial layer proximate
the recessed features. The charge balance region includes at
least a portion of the film deposited on at least the sidewalls of
the recessed features, the charge balance region following a
contour of the recessed features.

Additional and/or other embodiments of the invention are
described 1n the following detailed description, including the
claims, which 1s to be read 1n connection with the accompa-
nying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings are presented by way of example
only and without limitation, wherein like reference numerals
(when used) indicate corresponding elements throughout the
several views, and wherein:
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FIGS. 1A and 1B are top plan views conceptually depicting
at least a portion of a drift layer imn an illustrative super-

junction structure;

FI1G. 2 1s a cross-sectional view depicting at least a portion
of a conventional super-junction structure formed using a
multiple-epitaxial (1.e., multi-ep1) implant methodology;

FIG. 3 1s a cross-sectional view depicting at least a portion
of conventional super-junction structure formed using a
trench refill methodology;

FIG. 4 1s a cross-sectional view depicting at least a portion
of an exemplary structure for creating charge balance 1n a
semiconductor device, according to an embodiment of the
present invention;

FIG. 5 15 a cross-sectional view depicting at least a portion
of an exemplary structure for creating charge balance 1n a
semiconductor device, according to another embodiment of
the present invention; and

FIG. 6 1s a flow diagram depicting at least a portion of an
exemplary method of forming a charge balance region 1n an
active semiconductor device, according to embodiments of
the present invention.

It 1s to be appreciated that the drawings described herein
are presented for illustrative purposes only. Moreover, com-
mon but well-understood elements and/or features that may
be useful or necessary 1n a commercially feasible embodi-
ment may not be shown in order to facilitate a less hindered
view ol the illustrated embodiments.

DETAILED DESCRIPTION OF PR
EMBODIMENTS

(L]
Y

ERRED

Embodiments of the invention will be described herein in
the context of illustrative semiconductor fabrication methods
and devices, which utilize atomic layer deposition (ALD) 1n
the formation of a charge balance region 1n a semiconductor
device. Specifically, 1n one or more embodiments, recessed
teatures are formed 1n a body region of the device, and one or
more exposed surfaces (e.g., sidewalls and a bottom wall) of
the recessed features are conformally coated with a film using,
ALD. The film comprises a material of a conductivity type
which 1s opposite a conductivity type of the epitaxial region.
During thermal processing, according to one or more embodi-
ments, at least a portion of the film deposited on the surfaces
ol the recessed features out-diffuses from the recessed fea-
tures into the epitaxial region and forms a charge balance
region 1n the device, which follows a contour of the recessed
teatures. Because of the high aspect ratio of the recessed
teatures according to one or more embodiments, the recessed
features can be formed having a reduced pitch (1.e., spacing
between adjacent recessed features), thus enabling the doping,
density of the P and N regions to be increased to thereby
reduce on-resistance in the body region without reducing
breakdown voltage of the device.

It should be understood that embodiments of the invention
are not limited to these or any other particular semiconductor
fabrication method(s) and/or semiconductor devices. Rather,
embodiments of the invention are more broadly applicable to
techniques for beneficially creating a charge balance region in
a semiconductor device. It should also be understood that the
embodiments of the invention are not limited to a vertical
power semiconductor device, rather embodiments of the
invention are also applicable to, for example, other power
devices, planar gate devices, lateral power devices, N-chan-
nel devices, P-channel devices, lateral semiconductor
devices, 1mnsulated gate bipolar transistors (IGBTs), diodes,
bipolar junction transistors (BJTs), enhancement mode
devices, depletion mode devices, and the like. Similarly, the
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4

technology described herein 1s applicable to devices with
cither N-type substrate materials and/or P-type substrate
materials. Accordingly, 1t will become apparent to those
skilled 1n the art given the teachings herein that numerous
modifications can be made to the illustrative embodiments
shown that are within the scope of the claimed invention. That
1s, no limitations with respect to the embodiments shown and
described herein are intended or should be inferred.

Various semiconductor fabrication techmiques have been
used 1n an attempt to increase breakdown voltage 1n a tran-
sistor device without significantly increasing on-resistance.
[lustrative techniques for increasing breakdown voltage 1n a
device include the use of exotic materials (e.g., silicon carbide
and gallium nitride) 1n the semiconductor processing, which
1s commercially prohibitive due primarily to cost, and using a
super-junction structure. The super-junction structure, pi1o-
neered by Infineon Technologies based on U.S. Pat. No.
4,754,310 to David Coe, the disclosure of which 1s incorpo-
rated by reference herein, 1s one method of commercially
tabricating high-voltage transistor devices.

The super junction concept, in one aspect, mvolves using,
multiple N-type doped epitaxial layers grown with subse-
quent 10on 1mplantation of P-type material between epitaxial
growth steps to form alternating columns of N-type and
P-type material. FIG. 1A illustrates classic alternating col-
umuns of N-type and P-type material resulting 1n a two-dimen-
sional field. A common method of manufacturing a charge
balance region involves the growth of multiple epitaxial lay-
ers followed by 10n 1implantation to form alternating columns
of N-type and P-type material (commonly referred to as a
multiple-layer epitaxial growth, or multi-epi, 1mplant
method). Specifically, with reference to FIG. 1A, a top plan
view depicts at least a portion of a dnit layer 100 in an
illustrative super junction structure. The drift layer 100 1s
formed having a plurality of alternating N-type pillars 104
and P-type pillars 106. By interleaving high aspect ratio
regions of N and P layers 104 and 106, a space charge formed
in these regions by depletion 1s substantially balanced and
does not exceed a critical value for avalanche breakdown.
When compared with a conventional N-type intrinsic drift
layer 102, both the conventional drift layer and the super
junction driit layer 100 are fully depleted, and thus the super-
junction drift layer behaves macroscopically like an intrinsic
region 108. In this effective intrinsic region 108, electric field,
E, 1s substantially constant, and therefore breakdown voltage
1s proportional to electric field times a length, L, of the drift
layer (1.e., BV=E-L). Since on-resistance 1s proportional to
the length L of the drift layer, the on-resistance will be pro-
portional to breakdown voltage (i.e., R ,,~BV).

FIG. 1B conceptually depicts electric field distribution in
the super-junction drift layer 100. As apparent from FIG. 1B,
cach vertical P-N junction (between an adjacent N-type pillar
104 and P-type pillar 106) creates a lateral field in the
depleted region transverse to a direction of increasing poten-
tial. It 1s to be understood that charge and field must obey
Gauss’s Law, and therefore the following expression holds:

dE,
+Ty+

dE,
dz

. dE, g
V E = P = —(Np—-n+p—-—Ny)

Es;

[ 1

where VE is the divergence of the electric field, E , E and
E_are the X, y and z components, respectively, of the electric
field, g 1s point charge, €., 1s the electric constant for silicon,
N, 1s the number of donor carriers, and N , 1s the number of

acceptor carriers. Depending upon the value of the lateral
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field slopes, the slope of the vertical field may either increase
or decrease, thereby changing the potential that the device can
support. The strong coupling of breakdown voltage and
charge 1s broken because of the presence of the lateral field
created by the geometric arrangement of the N and P regions
104 and 106, respectively.

FIG. 2 1s a cross-sectional view depicting at least a portion
ol a conventional super-junction device 200. The super junc-
tion device 200 1s fabricated using multiple N-type epitaxial
layers, with 1on implantation of boron between epitaxial
growth steps to create alternating P-type columns 202 and
N-type regions 204 between the P-type columns; of note are
the scallop features on the sidewalls of the columns 202
which are an artifact of the process. The P-type columns 202
have a lateral width, w,__; ..., associated therewith. Like-
wise, the N-type regions 204 have a lateral width, x_, associ-
ated therewith. With reference to FIG. 2, t_ represents a

> Tepi
thickness of N-type epitaxial layer 206, in a vertical dimen-

sion, andt,, . represents a vertical thickness ot a butter layer
208 1n the super junction device 200. The buffer layer 208
functions to provide electrical 1solation between a bottom of
the columns and a substrate.

As a result of out-diffusion of the implanted boron, an
eftective width of the P-type columns 202 will increase to X,
which places a practical limitation on mimmimum pitch (1.e.,
center-to-center spacing between adjacent columns of the
same conductivity type) of the super-junction device 200,
which thereby prevents scaling. This increased pitch undesir-
ably results 1n increased on-resistance 1n the device. As an
added disadvantage, the multi-ep1 implant method used to
torm the device 200 suffers from very long process times and
high cost due to the many manufacturing steps that are
involved, and thus presents high-volume manufacturing chal-
lenges.

An alternative method of manufacturing a charge balance
region 1s shown in FIG. 3, which mvolves forming deep
trenches 302 in an N-type drift region 304 of a semiconductor
device 300, followed by trench refill with P-type silicon,
commonly referred to as a trench refill fabrication method. Of
note 1n FIG. 3 are the tapered sidewalls of the trenches 302
which are necessary for acceptable trench refill; this sidewall
tapering results 1n an increased spacing between adjacent
trenches which i1mpacts density. Furthermore, while this
method reduces the number of required fabrication steps
compared to the multi-ep1 implant method used to form the
device 200 shown 1in FIG. 2, the trench refill method suffers
from a high defect rate attributable to void formation and slip
dislocations, among other factors, inherent 1n the trench refill
process itself.

Various semiconductor fabrication techniques have been
used 1n an attempt to develop a charge balance region but
either sutier from high cost associated with long manufactur-
ing times or sufler from high defectrates associated with their
respective process methods. For example, as previously
explained, both the multi-ep1 implant and trench refill fabri-
cation methods illustrated in FIGS. 2 and 3, respectively, offer
little or no improvement in density due, at least 1in part, to the
inherent limitations of the processing equipment and associ-
ated methodologies. Hence, there 1s a need to offer a manu-
facturing method that can continue to scale to higher density
structures (e.g., deep, narrow, high aspect ratio trenches)
which offer improved cost and super junction device perior-
mance. As will be described 1n further detail below, embodi-
ments of the invention advantageously address deficiencies
present 1n conventional devices and/or fabrication method-
ologies.
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FIG. 4 1s a cross-sectional view depicting at least a portion
ol an exemplary structure 400 for creating a charge balance
region 1n an active semiconductor device (e.g., MOSFET,
diode, 1insulated gate bipolar transistor (IGBT), etc.), accord-
ing to an embodiment of the present ivention. It 1s to be
appreciated that the charge balance region formed in the
device need not have a zero net charge. Rather, the net charge
of the charge balance region can be set to a prescribed value,
in accordance with one or more embodiments; that is, the
charge balance region may be configured to exhibit a charge
imbalance of a prescribed amount. The structure 400 1s shown
as including an evolution of three illustrative processing
phases: a trench or well formation phase (1), a film deposition
phase (2), and a thermal processing phase (3). Each of these
phases will be described 1n further detail herein below.

With reference to FIG. 4, the structure 400 comprises a
substrate 402 of a first conductivity type, which 1s N-type 1n
this embodiment, and an epitaxial layer 404 of the first con-
ductivity type formed on at least a portion of the substrate.
The epitaxial layer 404, in this embodiment, 1s formed of
N-type conductivity (like the substrate 402), although a
P-type epitaxial layer may alternatively be employed.

The structure 400, 1n the first phase, comprises a plurality
of recessed features, depicted as deep trenches 406 1n this
embodiment, formed at least partially through the epitaxial
layer 404. The trenches 406 extend from an upper surface of
the epitaxial layer 404, continuing through the epitaxial layer
in a direction that 1s substantially perpendicular to a plane of
the substrate 402 (1.¢., a vertical dimension). The trenches 406
may be formed, for example, using reactive 1on etching (RIE),
or an alternative process, configured to achieve a desired
aspect ratio (e.g., about 100:1), with spacing between adja-
cent trenches, referred to herein as pitch, that is relatively
tight (e.g., about 1 um); a tighter pitch beneficially reduces the
s1ze of the device and/or allows higher density circuitry to be
tabricated in the device. A tighter pitch beneficially reduces
the size of the device and/or allows higher density circuitry to
be fabricated in the device.

In accordance with one or more embodiments of the inven-
tion, the trenches 406 are formed using an RIE process, with
a spacing between adjacent trenches (1.e., pitch) of about 1
um, although embodiments of the invention are not limited to
any particular spacing. While embodiments of the invention
are not limited to any specific depth or width of the trenches
406, for an illustrative device with a 600-volt breakdown
voltage rating, trenches 406 are configured having a depth of
about 30 um or greater and a width of about 1 um or less.
Furthermore, 1t 1s to be appreciated that embodiments of the
invention are not limited to any particular number of trenches
406 formed in the structure 400.

In the second fabrication phase, material 1s deposited on a
bottom and/or sidewalls of at least a subset of the trenches
406. Rather than using a standard trench refill process, which
1s susceptible to defects (e.g., voids, pinholes, cracks, etc.),
particularly when the aspect ratio 1s greater than a prescribed
value, embodiments of the invention utilize atomic layer
deposition (ALD) to deposit matenal (e.g., a dielectric film)
on a bottom and/or sidewalls of each of at least a subset of the
trenches 406. In a standard trench refill process, which uti-
lizes, for example, chemical vapor deposition (CVD), depos-
iting material on the sidewalls and bottom of a trench
becomes significantly more challenging, 11 not unfeasible, as
the depth of the trench increases. ALD 1s a method for depos-
iting a diverse group of maternials a single atomic layer at a
time using relatively low temperatures (e.g., ambient to about
400 degrees Celsius (° C.)) on a variety of substrate materials.
This approach provides several important benefits for form-
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ing a charge balance region 1n a semiconductor device, some
of which are described herein below.

Using sequential, self-limiting surface reactions, ALD 1s
able to achieve precise thickness control at an Angstrom (A)
or monolayer level. Most ALD processes are based on binary
reaction sequences where two surface reactions occur and
deposit a binary compound film. Because there are only a
finite number of surface sites, the reactions can only deposit a
finite number of surface species. Assuming each of the two
surface reactions 1s seli-limiting, the two reactions may pro-
ceed 1n a sequential fashion to deposit a thin film with atomic
level control. The self-limiting nature of ALD leads to excel-
lent step coverage and 1s fully conformal on high aspect ratio
structures, such as on the bottom and sidewalls of the trenches
406. Moreover, the ALD process can be integrated with a
standard semiconductor fabrication process without impact-
ing other semiconductor fabrication steps that are tempera-
ture sensitive.

More particularly, once the deep trenches 406 are formed,

an ALD step 1s used to deposit a 1ilm 408 containing elements
of a second conductivity type, which 1n this embodiment 1s of
P-type conductivity, on the bottom and/or sidewalls of each of
at least a subset of the trenches. Prior to depositing the film
408 directly on the bottom and/or sidewalls of the trenches
406 using ALD, an etch step (e.g., hydrogen fluoride (HF), or
hydrofluoric acid, etch) may be performed to remove any
native oxide on the surfaces (e.g., bottoms and sidewalls) of
the trenches resulting, for example, from exposure of the
trench surfaces to an oxygen-bearing environment. In one or
more embodiments, the deposited film 408 1s a dielectric
material, such as, but not limited to, a metal oxide (e.g., boron
trioxide (B,0O,)). When used with ALD, a metal oxide can be
deposited on the bottom and sidewalls of the trenches 406,
even when high aspect ratio trenches are used. It 1s to be
appreciated that other suitable materials for achieving a pre-
scribed charge balance in the structure 400 may be similarly
employed.
In the third fabrication phase, rapid thermal processing
(RTP), for example at a temperature of about 900 degrees
Cels1us for about one minute, 1s used to disassociate a dopant
in the f1lm 408 (e.g., boron, in the case of a boron-doped metal
oxide film) deposited on the bottom and sidewalls of the
trenches 406 and to drive the dopant into the epitaxial layer
404 through diffusion (1.e., out-diffusion). Specifically, dur-
ing RTP, the elevated temperature causes the dopant in the
deposited film 408 on the bottom and/or sidewalls of the
trenches 406 to locally out-diffuse from the trenches into the
epitaxial layer 404 proximate the trenches. As a result of the
thermal processing, the dopant will form a doped region 410
of the second conductivity type (P-type conductivity in this
illustrative embodiment) 1n the epitaxial layer 404 proximate
the trenches 406. The doped region 410 will follow a contour
of the trenches 406 1n the epitaxial layer 404. In this manner,
the doped region 410, in conjunction with the epitaxial region
404 between the trenches 406, will form alternating P-type
and N-type columns, forming the charge balance region in the
device. Because the mechanism for forming the doped region
410 surrounding each of the trenches 406 relies primarily on
diffusion, which 1s highly controllable, a more precise degree
of charge balancing in the structure 400 can be achieved
compared to commercially available processes for fabricating
a charge balance region.

After thermal processing, the trenches 406 are optionally
filled, such as, for instance, by using a trench {fill process or
alternative fill step, with essentially any material suitable for
providing structural integrity of the trenches, such as, for
example, an oxide (e.g., silicon dioxide). Unlike 1n standard
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charge balance structures, the material filling the trenches 1s
not used to provide the columns of alternating P-type and
N-type conductivity. Rather, in accordance with embodi-
ments of the invention, the trenches 406 are merely used as a
mechanism for facilitating the deposition of exacting materi-
als levels and out-diffusion of the dopant material (e.g.,
boron) deposited on the bottom and sidewalls of the trenches.
Consequently, it 1s not critical that the trenches be filled 1n a
void-free or defect-free manner; that 1s, the yield 1s not
alfected by the number of defects in the trench fill step (when
used).

FIG. 5 1s a cross-sectional view depicting at least a portion
ol an exemplary structure 500 for creating a charge balance
region 1n a semiconductor device, according to another
embodiment of the mvention. The structure 500 1s similar
with regard to the first and second fabrication phases as 1llus-
trative structure 400 shown 1n FIG. 4, except that the mecha-
nism by which the charge balance region 1s formed 1s differ-
ent. Specifically, 1 accordance with one or more
embodiments, the bottom and sidewalls of the trenches 406
include an msulating layer 502 formed thereon, such as, for
example, silicon dioxide (510,). The msulating layer 502
may be deposited on the bottom and sidewalls of the trenches
406, or, 1n one or more alternative embodiments, native oxide
(e.g., s1licon dioxide) formed (e.g., grown, such as by using an
oxidation process) on the exposed surfaces of the trenches
406 can be used as the insulating layer.

The film 508 1s deposited on the insulating layer 502, rather
than being deposited directly on the bottom and sidewalls of
the trenches 406 (as in the structure 400 shown 1n FIG. 4),
using ALD. This mnsulating layer 502 prevents the dopant
(e.g., aluminum) 1n the film 508 from locally out-diffusing
into the epitaxial layer 404 during thermal processing. In one
or more embodiments, the film 508 comprises alumina mate-
rial (e.g., Al,O,). The alumina film 508 1s deposited on the
insulating layer 502 on the bottoms and sidewalls of at least a
subset of the trenches 406. Alumina material has a negative
surface charge property which 1s suitable for attracting posi-
tive charge carriers to a region proximate the bottom and
sidewalls of the trenches 406, thereby achieving charge bal-
ance 1n the structure 500. When used with ALD, alumina 1s
able to be deposited on the bottom and sidewalls of the
trenches 406, even when high aspect ratio trenches (e.g.,
about 100:1 or greater) are used. It 1s to be appreciated that
other suitable materials for achieving a prescribed charge
balance 1n the structure 500 may be similarly employed.

More particularly, with reference to FIG. 5, the epitaxial
layer 404 inherently includes free charge carriers 304 of a first
charge type, which 1s positive 1n this 1llustrative embodiment.
The film 3508 deposited on the 1nsulating layer 502 on the
surfaces of the trenches 406 has a net static charge of a second
charge type associated therewith, the second charge type
being opposite 1n polarity to the first charge type; in this
example, a negative static charge. Instead of the dopant 1n the
deposited film 508 out-diffusing into the epitaxial later 404,
the thermal processing in structure 500 (third fabrication
phase) 1s configured such that at least a portion of the free
charge carriers 504 in the epitaxial layer 404 (having a posi-
tive charge) migrate towards the deposited film 508 (having a
negative charge) to thereby form a charge balance region 506
in the epitaxial layer proximate the trenches 406.

In a manner consistent with the embodiment shown in FIG.
4, after thermal processing, the trenches 406 can be filled,
using a trench fill process or alternative {ill step, with essen-
tially any material suitable for providing structural integrity
of the trenches, such as, for example, an oxide (e.g., silicon
dioxide). Unlike 1n a standard charge balance structure, the
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materal filling the trenches 1s not used to directly provide the
columns of alternating P-type and N-type conductivity.
Rather, 1n accordance with embodiments of the invention, the
trenches 406 are merely used to facilitate the deposition of
materials on the bottom and sidewalls of the trenches and the
resulting attraction of iree carriers in the epitaxial layer to a
region surrounding a contour of the trenches. Hence, it 1s not
critical that the trenches be filled 1n a void-free or defect-iree
mannet.

Charge balance between the deposited film 508 and the
N-type epitaxial region 404 1n the formation of the charge
balance region 506 1n structure 500 1s controlled as a function
ol a percentage of the material 508 deposited in the trenches
406, as well as thermal processing duration (1.e., time), atmo-
sphere and/or temperature, among other parameters. An
important advantage of the methodology according to one or
more embodiments of the invention 1s that ALD 1s a more
tightly controlled process compared to the methods previ-
ously discussed, as may be used 1n the fabrication of conven-
tional charge balanced structures, and therefore the respective
dimensions of the alternating regions of P-type and N-type
material used for providing charge balance 1n the device can
be a smaller pitch, which improves device cost and pertor-
mance.

FIG. 6 1s a flow diagram depicting at least a portion of an
exemplary method 600 of forming a charge balance region 1n
an active semiconductor device, according to an embodiment
ol the invention. It 1s to be understood that method 600 does
not include all steps necessary 1n fabricating a semiconductor
device, as will become apparent to those skilled 1n the art.
Rather, basic steps relating to forming a charge balance
region are presented, as described above 1n further detail.
[llustrative embodiments of structures formed 1n accordance
with method 600 are shown 1n FIGS. 4 and 5.

With reference to FIG. 6, 1n step 602, an epitaxial region of
a first conductivity type 1s formed on an upper surface of a
substrate. In step 604, recessed features are formed at least
partially through the epitaxial region. In accordance with
embodiments of the invention, the recessed features may be 1n
the form of deep trenches, wells, stepped features, etc., hav-
ing a high aspect ratio (e.g., greater than about 2:1, and more
preferably greater than about 20:1). In step 606, a film 1s
deposited on a bottom and/or sidewalls of the recessed fea-
tures using ALD. As previously stated, the film 1s preferably
deposited directly on exposed surfaces of the recessed fea-
tures. During processing, a passivation layer or native oxide
layer (e.g., silicon dioxide) may form (e.g., through oxida-
tion) on exposed surfaces of the recessed features. Thus, to
enable the film to be deposited directly on the bottom and/or
sidewalls of the recessed features, this passivation layer 1s
removed, 1 one or more embodiments, using an etchant
composition (e.g., HF etch) or an alternative etching process,
as will become apparent to those skilled in the art. This
passivation layer removal process 1s incorporated nto step
606, 1n one or more embodiments, and 1s performed prior to
depositing the film using ALD.

In step 608, thermal processing (e.g., rapid thermal pro-
cessing) 1s performed such that at least a portion of dopant 1n
the film deposited on the bottom and/or sidewalls of the
recessed features forms a charge balance region 1n the epi-
taxial layer by a process of diffusion, as previously noted in
conjunction with FIG. 4. Method 600 may, alternatively, per-
form step 610 in place of step 608 as a mechanism for forming
the charge balance region. Specifically, 1n the case of the
exemplary structure 500 shown 1n FIG. 5, wherein the charge
balance region 1s formed without relying on out-diffusion of
the dopant 1nto the epitaxial layer from the recessed features,

5

10

15

20

25

30

35

40

45

50

55

60

65

10

step 610, as an alternative to step 608, performs thermal
processing in a manner that at least a portion of free charge
carriers in the epitaxial region migrate towards the deposited
{1lm 1n the recessed features to form the charge balance region
in the epitaxial layer proximate the recessed features.

When the mechanism according to step 610 1s used to form
the charge balance region, 1t 1s contemplated that step 606, in
one or more embodiments, incorporates an additional step of
forming an insulating layer (e.g., layer 302 i FIG. 5) on
exposed surfaces (e.g., bottom and/or sidewalls) of the
recessed features. The film 1s then deposited on the mnsulating
layer on the bottom and/or sidewalls of the recessed features,
using ALD, so as to prevent the dopant 1n the film from
out-diffusing into the epitaxial layer during thermal process-
ing, as previously stated.

Additional processing steps not explicitly shown but
implied, including, for example, the formation of one or more
anode and cathode regions, source and drain regions, collec-
tor and emitter regions, etc., are subsequently performed,
depending on the type of active device being formed, includ-
ing, for example, a diode, field-etiect transistor, and/or bipo-
lar transistor, respectively, as will be known by those skilled
in the art.

The 1illustrations of embodiments of the nvention
described herein are intended to provide a general under-
standing of the structure of various embodiments, and they
are not itended to serve as a complete description of all the
clements and features of apparatus and systems that might
make use of the structures described herein. Many other
embodiments will become apparent to those skilled in the art
given the teachings herein; other embodiments are utilized
and derived therefrom, such that structural and logical sub-
stitutions and changes can be made without departing from
the scope of this disclosure. The drawings are also merely
representational and are not drawn to scale. Accordingly, the
specification and drawings are to be regarded 1n an illustrative
rather than a restrictive sense.

Embodiments of the invention are referred to herein, indi-
vidually and/or collectively, by the term “embodiment™
merely for convenience and without intending to limit the
scope of this application to any single embodiment or inven-
tive concept 1f more than one 1s, in fact, shown. Thus,
although specific embodiments have been illustrated and
described herein, 1t should be understood that an arrangement
achieving the same purpose can be substituted for the specific
embodiment(s) shown; that 1s, this disclosure 1s mntended to
cover any and all adaptations or variations of various embodi-
ments. Combinations of the above embodiments, and other
embodiments not specifically described herein, will become
apparent to those of skill in the art given the teachings herein.

The abstractis provided to comply with 37 C.F.R. §1.72(b),
which requires an abstract that will allow the reader to quickly
ascertain the nature of the technical disclosure. It 1s submitted
with the understanding that 1t will not be used to 1nterpret or
limit the scope or meaning of the claims. In addition, 1n the
foregoing Detailed Description, 1t can be seen that various
features are grouped together 1n a single embodiment for the
purpose of streamlining the disclosure. This method of dis-
closure 1s not to be interpreted as reflecting an intention that
the claimed embodiments require more features than are
expressly recited in each claim. Rather, as the appended
claims reflect, inventive subject matter lies 1n less than all
features of a single embodiment. Thus the following claims
are hereby incorporated into the Detailed Description, with
cach claim standing on 1ts own as separately claimed subject
matter.
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(Given the teachings of embodiments of the mvention pro-
vided herein, one of ordinary skill in the art will be able to
contemplate other implementations and applications of the
techniques of embodiments of the invention. Although 1llus-
trative embodiments of the mvention have been described
herein with reference to the accompanying drawings, 1t 1s to
be understood that embodiments of the invention are not
limited to those precise embodiments, and that various other
changes and modifications are made therein by one skilled 1n

the art without departing from the scope of the appended
claims.

What 1s claimed 1s:

1. A method of forming a charge balance region in an active
semiconductor device, the method comprising:

forming an epitaxial region comprising material of a first

conductivity type on an upper surface of a substrate of
the semiconductor device;

forming a plurality of recessed features at least partially

through the epitaxial region;
depositing a film comprising material of a second conduc-
tivity type on at least one of a bottom and sidewalls of the
recessed features using atomic layer deposition; and

performing thermal processing such that at least a portion
of the film deposited on each of the sidewalls of the
recessed features forms a region of the second conduc-
tivity type 1n the epitaxial region which follows a con-
tour of the recessed features, the region of the second
conductivity type, i conjunction with the epitaxial
region proximate the region of the second conductivity
type, forming the charge balance region.

2. The method of claim 1, wherein the material of the first
conductivity type 1s N-type material and the material of the
second conductivity type 1s P-type matenal.

3. The method of claim 1, wherein the material of the first
conductivity type 1s P-type material and the matenal of the
second conductivity type 1s N-type matenal.

4. The method of claim 1, wherein the film deposited on at
least one of the bottom and sidewalls of the recessed features
comprises a metal oxide.

5. The method of claim 4, wherein the metal oxide com-
prises at least one of aluminum oxide (Al,O;) and boron
trioxide (B,O,).

6. The method of claim 1, wherein each of at least a subset
of the plurality of recessed features 1s formed having a depth
through the epitaxial region that 1s at least two times greater
than a width thereof.

7. The method of claim 1, wherein the active semiconduc-
tor device comprises at least one of a field-efiect transistor, a
schottky diode, a unipolar diode, a bipolar transistor, a bipolar
diode, and an insulated gate bipolar transistor, and wherein
the charge balance region forms a drift region in the at least
one of the field-etiect transistor, a schottky diode, a unipolar
diode, a bipolar transistor, a bipolar diode, and an insulated
gate bipolar transistor.

8. The method of claim 1, wherein each of at least a subset
of the plurality of recessed features 1s formed at least partially
through the epitaxial region 1n a direction substantially per-
pendicular to a plane of the substrate.

9. The method of claim 1, wherein each of at least a subset
of the plurality of recessed features remains at least partially
uniilled.

10. The method of claim 1, wherein forming each of at least
a subset of the plurality of recessed features comprises form-
ing at least one of a trench, a well, and a stepped structure 1n
the epitaxial region.
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11. The method of claim 1, further comprising controlling
impact 1onization of the charge balance region by controlling
a depth of the recessed features 1n the device.

12. The method of claim 1, further comprising controlling
impact 1onization of the charge balance region by controlling
at least one of an atmospheric condition and a duration of the
thermal processing to thereby control at least one of a width
and a doping concentration of the region of the second con-
ductivity type formed in the epitaxial region of the device.

13. The method of claim 1, wherein depositing the film on
at least sidewalls of the recessed features comprises deposit-
ing at least one of a dopant and a dielectric material on at least
sidewalls of at least a subset of the recessed features.

14. The method of claim 1, wherein performing thermal
processing comprises rapid thermal processing.

15. The method of claim 1, further comprising controlling
at least one of an mmpurity concentration of the epitaxial
region of the first conductivity type, an impurity concentra-
tion of at least a portion of the region of the second conduc-
tivity type, a volume of the region of the second conductivity
type and a volume of the epitaxial region to thereby control a
charge balance between the epitaxial region and the region of
the second conductivity type.

16. The method of claim 15, further comprising substan-
tially matching a charge associated with the epitaxial region
proximate at least a portion of the region of the second con-
ductivity type with a charge associated with the region of the
second conductivity type.

17. The method of claim 13, further comprising creating a
charge 1imbalance of a prescribed amount between the epi-
taxial region proximate at least a portion of the region of the
second conductivity type and the region of the second con-
ductivity type.

18. The method of claim 1, wherein forming at least a
subset of the plurality of recessed features comprises forming
at least a subset of the plurality of recessed features using
reactive 1on etching.

19. The method of claim 1, further comprising controlling
a spacing between the plurality of recessed features such that
the region of the second conductivity type 1s interleaved with
the epitaxial region so as create alternating regions of first and
second conductivity types throughout at least a portion of the
epitaxial region.

20. The method of claim 19, wherein a pitch between
adjacent recessed features 1s less than about ten microns.

21. The method of claim 1, wherein depositing the film
comprising material of the second conductivity type on at
least sidewalls of the recessed features comprises depositing
the film on an 1nsulating layer formed on at least sidewalls of
at least a subset of the plurality of recessed features.

22. The method of claim 1, wherein depositing the film
comprising material of the second conductivity type on at
least sidewalls of the recessed features comprises:

removing an oxide layer formed on at least the sidewalls of

at least a subset of the plurality of recessed features; and
depositing the film directly on at least the sidewalls of at
least a subset of the plurality of recessed features.

23. A method of forming a charge balance region in an
active semiconductor device, the method comprising:

forming an epitaxial region comprising material of a first

conductivity type on an upper surface of a substrate of
the semiconductor device, the epitaxial region including
charge carriers of a first charge type;

forming a plurality of recessed features at least partially

through the epitaxial region;
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forming an 1nsulating layer on at least one of a bottom and
sidewalls of each of at least a subset of the recessed
features:

depositing a film on at least a portion of the insulating layer
on at least one of the bottom and sidewalls of each of at
least the subset of the recessed features using atomic
layer deposition, the film having a net static charge of a
second charge type associated therewith, the second
charge type being opposite in polarity to the first charge
type; and

performing thermal processing in such a manner that at
least a portion of the charge carriers of the first charge
type 1n the epitaxial region migrate towards the depos-
ited film to thereby form the charge balance region 1n the
epitaxial region.

24. A semiconductor device, comprising:

a substrate;

an epitaxial region formed on a surface of the substrate, the
epitaxial region including intrinsic charge carriers of a
first charge type;

a plurality of recessed features formed at least partially
through the epitaxial region, at least one of a bottom and
stdewalls of each of at least a subset of the plurality of
recessed features having deposited thereon, using
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charge of a second charge type associated therewith, the
second charge type being opposite 1n polarity to the first
charge type; and

performing thermal processing 1n such a manner that at
least a portion of the charge carriers of the first charge
type 1n the epitaxial region migrate towards the depos-
ited film to thereby form the charge balance region 1n the
epitaxial region.

26. A method of forming a charge balance region in an

active semiconductor device, the method comprising;

forming an epitaxial region on a substrate of the semicon-
ductor device;

forming a plurality of recessed features at least partially
through the epitaxial region;

depositing a film on at least one of a bottom and sidewalls
of each of at least a subset of the recessed features using
atomic layer deposition; and

performing thermal processing such that at least a portion
of the film deposited on each of at least one of the bottom
and sidewalls of the recessed features forms a first region
in the epitaxial region having a charge that 1s opposite 1n
polarity to an intrinsic charge of the epitaxial region, the
firstregion, 1n conjunction with a portion of the epitaxial
region proximate the first region, forming the charge
balance region.

277. The method of claim 26, wherein depositing the film

comprises depositing the film on an 1nsulating layer formed
on at least one of the bottom and sidewalls of at least the
subset of the plurality of recessed features.

atomic layer deposition, a dielectric film comprising
material having a net static charge of the first charge

type; and

a charge balance region formed in the epitaxial region, the
charge balance region comprising a first region includ-
ing charge carriers of a second charge type that migrated
from the epitaxial region towards the dielectric film dur-
ing thermal processing of the semiconductor device, and
a second region of the first charge type comprising the
intrinsic charge carriers of the first charge type 1n the
epitaxial region, the second charge type being opposite
in polarity to the first charge type.

25. A method of forming a charge balance region 1n an

active semiconductor device, the method comprising:

forming an epitaxial region on a surface of a substrate of
the semiconductor device, the epitaxial region including
charge carriers of a first charge type;

forming a plurality of recessed features at least partially
through the epitaxial region;

depositing a film on at least one of a bottom and sidewalls
of each of at least a subset of the recessed features using
atomic layer deposition, the film having a net static

30

35

40

45

28. A semiconductor device, comprising:

a substrate;

an epitaxial region of a first conductivity type formed on a
surface of the substrate;

a plurality of recessed features formed at least partially
through the epitaxial region, at least one of a bottom and
stdewalls of each of at least a subset of the plurality of
recessed features having deposited thereon, using
atomic layer deposition, boron trioxide; and

a first region of a second conductivity type formed 1n the
epitaxial region proximate the recessed features, the first
region ncluding boron from the boron trioxide depos-
ited on at least one of the bottom and sidewalls of at least
the subset of the recessed features that has diffused nto
the epitaxial region during thermal processing of the
semiconductor device, said {irst region, 1n conjunction
with the epitaxial region, forming a charge balance
region in the semiconductor device.
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